]-amine-containing (Z = NH) heterocycles can be successfully prepared. Attempts to make larger-ring systems (Z = O, m = 2; Z = O, n = 5; or Z = NH, n = 4-5) or prepare lactones via Nicholas reactions with carboxylic acid nucleophiles (available via oxidation of alcohol nucleophiles, Z = O) result in decomposition or dimerization. The latter process enables formation of 14-, 16-, and 18-membered ring diolides when using carboxylic acid nucleophiles. We also investigated the use of chiral amine promoters in the Pauson-Khand step but found no asymmetric induction.
Introduction
Methods that enable the quick and efficient conversion of simple acyclic molecules into complex polycyclic structures are highly prized in organic chemistry. 1 One such strategy is the combination of an intramolecular Nicholas reaction followed by an intramolecular Pauson-Khand reaction. 2 Surprisingly, this reaction sequence was not well known at the outset of our investigations. The lone application of this strategy is in Schreiber and Jamison's synthesis of epoxydictymene in which an intramolecular endocyclic Nicholas reaction with an allylsilane nucleophile is followed by an intramolecular PausonKhand reaction to provide the carbon skeleton of the target natural product. 3 Beyond this example, nothing was known about the scope of this reaction sequence with respect to the nature of the nucleophile in the Nicholas reaction, the size of the ring generated in the Nicholas reaction, and the size of the rings generated in the Pauson-Khand reaction. Thus, we set out to systematically address all of these issues. 4 The overall goal of our investigation is depicted in Scheme 1. We planned to quickly generate simple, acyclic enynes 1 that, upon reaction with dicobalt octacarbonyl, would yield cobalt-alkyne complexes 2. The Nicholas reaction is a highly useful inter-or intramolecular propargylic substitution reaction.
Intermolecular reactions with a variety of nucleophiles are well studied, and the most common intramolecular variations involve exocyclic cyclizations with carbon nucleophiles. Intramolecular Nicholas reactions are classified as exocyclic when the cobalt-complexed alkyne ends up outside of the newly generated ring, while endocyclic cyclizations include the cobalt-alkyne complex in the newly formed ring. Of the three types of Nicholas reactions (intermolecular, exocyclic intramolecular, and endocyclic intramolecular), the endocyclic intramolecular variety is the least studied. Furthermore, use of heteroatom nucleophiles in these transformations is even less common. 5 When thinking about intramolecular Nicholas reactions, it is important to note that the alkyne geometry is significantly altered upon complexation with cobalt. The standard 180° bond angle is reduced to 138° in these organometallic clusters. 6 In fact, several groups have taken advantage of this change in geometry to promote intramolecular cycloaddition reactions that were initially unfavorable due to the linear alkyne geometry. 7 Thanks to Isobe's pioneering investigations into the total synthesis of ciguatoxin, there are several examples of the use of alcohol nucleophiles in endocyclic intramolecular Nicholas reactions. 8, 9 On the other hand, endocyclic cyclizations with amine nucleophiles are unknown, 5,10 and only one report of an intermolecular Nicholas reaction with a carboxylic acid 11 existed at the outset of our research. 12 Intramolecular Pauson-Khand reactions for the synthesis of bicyclic carbocycles are well known. We Thus, keeping m = 1 and Z = O (Scheme 1), we planned to vary n from 1 to 5. This would enable investigation of endocyclic intramolecular Nicholas reactions for the synthesis of 6-through 10-membered ethers followed by Pauson-Khand reactions to form the final two five-membered rings in our tricyclic targets. The enynes 1 needed for the preparation of the 6-through 8-membered ring cyclic ethers are available in four synthetic steps starting with 4-pentenal and the appropriately sized terminal alkyne alcohol with the key transformation being an acetylide addition to 4-pentenal. 4a Preparation of the tricyclic [5, 6 ,5]-system identified the limitations of our method for the synthesis of small rings via the Nicholas reaction. Beginning with 3-butyn-1-ol and 4-pentenal, enyne 5 is available in four steps and 43% overall yield. Cobalt complexation proceeds smoothly to afford cobalt-alkyne complex 6. Not surprisingly, the subsequent Nicholas and Pauson-Khand reactions are highly inefficient. The strain inherent in rings of six or fewer members containing a cobalt-complexed alkyne, like 7, (ideal C-C bond angles = 138°) makes them exceedingly difficult to prepare, 14 and we observed mainly decomposition of the cobalt-complexed starting material during the course of this reaction. The tetrasubstituted alkene generated in the Pauson-Khand reaction (7 → 8 + 9) is also strained, thus explaining the disappointing yield for this transformation. This series of reactions clearly demonstrates that [5, 6 ,5]-tricyclic systems are not amenable to efficient production via an intramolecular Nicholas/Pauson-Khand strategy. Curious to see if the trend continued for the formation of the 10-membered ring ether, we prepared enyne 30 via the same strategy used for the preparation of the one carbon shorter enyne 24. As outlined in Scheme 7, internal alkyne 29 can be easily converted into target 30 in five synthetic steps. We next studied the affect of enlarging one of the rings in the bicyclic system generated during the Pauson-Khand reaction. Specifically, we set our sights on the synthesis of a tricyclic [5, 8, 6 ]-system. A slight modification of our standard synthetic sequence, substitution of 5-hexenal for 4-pentenal enabled production of the starting enyne 34. 4a Synthesis of cobalt-alkyne complex 35 proceeded without incident; however, the key Nicholas reaction for the production of 36 failed. Various changes to the reaction conditions never enabled isolation of cyclic cobalt alkyne complex 36. By TLC, trace amounts of target 36 appeared to be produced, but we were never able to successfully characterize this or any other product of the reaction. We believe the failure of this reaction results from the distance between the alkene and the carbocation generated upon exposure of 35 to boron trifluoride. The alkene in the molecule is well positioned to attack the carbocation via a 5-exo or 6-endo process, thus generating a second carbocation that can participate in further polymerization or decomposition pathways. Although it may be possible to trap this carbocation with an external nucleophile, we have yet to attempt these experiments. As a consequence of our inability to synthesize 36, our subsequent investigations focused exclusively on modifications in the nature of the Nicholas reaction (structure of the nucleophile and size of the ring formed) while keeping the Pauson-Khand reaction portion of the process constant (only make [5,n,5]-tricyclic systems). Interesting trends emerged when we focused on diastereoselectivities in the Pauson-Khand reactions for the synthesis of the cyclic ethers. As highlighted in Table 1 , the diastereomeric ratios for the trans and cis isomers vary significantly for each substrate studied and reagents used. For the [5,7,5]-tricyclic ethers, two of the reagents yield the cis isomer as the major product, while the other two favor the trans.
But for the [5, 8, 5 ]-system, all conditions favor production of the trans diastereomer. Cyclohexylamine 17 and acetonitrile in air 3 both follow the same trends, favoring the cis isomer in the [5,7,5]-system and the trans isomer in the [5, 8, 5] case. N-Methylmorpholine-N-oxide (NMO) 16 and isopropyl methyl sulfide 22 also appear similar, providing nearly identical ratios in both the [5,7,5]-and [5, 8, 5 ]-systems and always favoring formation of the trans isomer. renders the olefin insertion step in the mechanism irreversible. 25 In their mechanistic analysis, the amine is bound to cobalt during the entire mechanism, and, presumably, could play a crucial role in determining the stereochemical outcome of the reaction. Thus, the question we aimed to address was, Continuing our investigation into the synthesis of tricyclic amines, we converted enyne 15 into cobaltalkyne complex 43 after the requisite Mitsunobu reaction and cobalt complexation steps. The subsequent Nicholas reaction was successful; however, it only proceeded in 20-41% yield. The target tricycles 45 and 46 are available in 41-69% yield using our standard Pauson-Khand reaction conditions.
The selectivity for each reaction is shown in Table 2 . The reactions of cyclic amines 40 and 44 demonstrate the preference of these substrates to form cis diastereomers 42 and 46, respectively. In Scheme 13, the key intermediates resulting from alkene association and alkene insertion in the Pauson-Khand mechanism for the reaction of 44 are illustrated.
The additional steric demands imposed by the tosyl group in intermediates E-H versus the corresponding oxygen-containing intermediates A-D destabilize the pathway leading to the trans cyclic amine product 45. Especially in the seven-membered ring cyclic amine reaction (40→42, Scheme 11), intermediates similar to G and H are favored and lead to exclusive production of the cis tricyclic product 42. amines (49 + 50 and 53 + 54), respectively. In both of these cases, the requisite Nicholas reaction precursors (47 and 51) were prepared without incident. However, we could never obtain the Nicholas reaction products 48 or 52 upon exposure of the precursors to either boron trifluoride or tetrafluoroboric acid. The cobalt complexed alkynes 47 and 51 were simply unreactive under our Nicholas reaction conditions. We observed traces of the desired products by TLC but were never able to isolate enough material to adequately characterize them. We concluded that, unlike the 7-and 8-membered ring cyclic amines 40 and 44, respectively, 48 and 52 are not thermodynamically favored in these reactions. Since we were unable to obtain the 9-and 10-membered ring cyclic amines, the scope of the Substrates for the synthesis of the 8-and 9-membered ring lactones also dimerize to the 16-and 18-membered ring diolides, respectively. As in the synthesis of the 14-membered ring diolide, the oxidation and cobalt complexation reactions proceed smoothly to provide high yields of the cobaltalkyne complexes 58 and 61. Upon exposure to tetrafluoroboric acid, 58 affords the 16-membered ring diolide 59 31 in good yield, while 61 provides 18-membered ring 62 in only 9% yield. In the reactions to form the 14-membered ring diolide 56 and the 18-membered ring diolide 62, we attribute the poor yields to a significant amount of unreacted starting material and formation of uncharacterizable byproducts.
Our Nicholas reactions with carboxylic acid nucleophiles are under thermodynamic control, 4b and these results indicate that starting materials 55 and 61 are more stable than the corresponding diolide products.
Only 16-membered ring diolide 59 shows enhanced stability versus its Nicholas reaction precursor, carboxylic acid 58. might form more easily.
Our investigations into the syntheses of lactones via intramolecular Nicholas reactions were unsuccessful. We observed none of the desired lactone targets in any of the three cases studied and only obtained reasonable yields for the 16-membered ring diolide. Nonetheless, the first step in the formation of our three diolides marks only the second report of an intermolecular Nicholas reaction with a carboxylic acid nucleophile, while the second step in the diolide formation constitutes the first example of an intramolecular Nicholas reaction with a carboxylic acid nucleophile. Given the known difficulties in the formation of medium sized lactone rings, 32,33 it is not surprising that our method yields only diolide products. As stated previously, our Nicholas reactions are thermodynamically controlled, and the large sized diolides are clearly more stable than the target lactones.
Conclusions
In summary, we have demonstrated the scope and limitations of a tandem intramolecular 
Experimental Section
Methoxydodec-11-en-6-yn-1-ol dicobalt hexacarbonyl complex (25) . A 25-mL pear flask containing enyne 24 (159 mg, 0.76 mmol, 1.0 equiv) was equipped with a rubber septum and gas inlet needle. Dichloromethane (2 mL) was added, followed by dicobalt octacarbonyl (310 mg, 0.907 mmol, N-(6-methoxydec-9-en-4-ynyl)-4-methylbenzenesulfonamide. A 50-mL two-necked flask equipped with a rubber septum and gas inlet adapter was charged with (fluorenyl)methyl tosylcarbamate 24 (320 mg, 0.81 mmol, 1.5 equiv), triphenylphosphine (428 mg, 1.63 mmol, 3.0 equiv), and THF (4 mL), and cooled at 0 °C. A separate 25-mL pear flask was charged with alcohol 10 (99 mg, 0.54 mmol, 1.0 equiv) and 2 mL THF. This solution was transferred into the reaction flask via cannula followed by a 1 mL THF rinse. Diethylazadicarboxylate (232 mg, 1.36 mmol, 2.5 equiv) was added to the reaction flask, and the reaction was allowed to stir overnight. The reaction mixture was concentrated to yield 1.27 g (737%) of a yellow oil. The crude product was deposited on 4 g silica gel and added to a 35 g column eluted with 25% diethyl ether in petroleum ether to yield 206 mg (118%) of the target amine as a yellow oil, which was determined to be 90% pure based on the 1 H NMR and was used without further purification in the subsequent cobalt complexation N-(6-methoxydec-9-en-4-ynyl)-4-methylbenzenesulfonamide dicobalt hexacarbonyl complex (39). A 25-mL pear flask containing the amine resulting from Mitsunobu reaction of alcohol 10 (92 mg, 0.28 mmol, 1.0 equiv) was equipped with a rubber septum and gas inlet needle. Dichloromethane (2 mL) was added, followed by dicobalt octacarbonyl (115 mg, 0.34 mmol, 1.2 equiv). The reaction was stirred for 30 min, and a second portion of dicobalt octacarbonyl (38 mg, 0.11 mmol, 0.4 equiv) was added. After another 30 minutes the reaction mixture was added to an 18 g silica gel column and eluted with 25% diethyl ether in petroleum ether yielded 160 mg (90%) of 39 as a dark Cyclohexylamine: 17 A 20-mL round-bottomed flask containing Nicholas product 40 (93 mg, 0.16 mmol, 1.0 equiv) was equipped with a rubber septum and gas inlet needle. 1,2-Dimethoxyethane (5.5 mL) was added followed by cyclohexylamine (27 μL, 0.24 mmol, 1.5 equiv). The rubber septum was replaced with a reflux condenser and gas inlet adapter and the reaction was heated at 60 °C for 3 h. The heat was removed and the reaction was allowed to stir over night. The reaction mixture was added to a sintered glass funnel filled with celite and washed with ethyl acetate (50 mL) to yield 59 mg (113%) of a 31 28 Travis, B. R.; Sivakumar, M.; Hollist, G. O.; Borhan, B. Org. Lett. 2003, 5, 1031-1034. 29 The structure of cobalt-alkyne complex 55 was not unambiguously assigned by NMR spectroscopy because the material was used immediately in the subsequent Nicholas reaction. Due to the similarity in TLC behavior to all of the other cobalt-alkyne complexes prepared in our lab, we are confident that 55 was successfully synthesized. 30 The structure of diolide 56 could not be unambiguously assigned by NMR spectroscopy due to the presence of paramagnetic cobalt impurities even after purification by column chromatography. We are confident in the formation of this compound due to the similar TLC behavior and general 1 H NMR features (very broad peaks) in comparison to diolides 59 and 62. 31 The structure of the trans isomer of 59 was confirmed by X-ray single crystal analysis; see reference 4b.
